I. INTRODUCTION
The structure and electronic properties of Fe silicides grown on a Si surface have been widely studied for applications to Si-based device technology. In particular, the semiconducting ␤-FeSi 2 epitaxial phase grown on a Si surface has attracted much attention as a candidate for optoelectronic devices 1, 2 because it has a band gap of ϳ0.8-0.9 eV corresponding to the adsorption minimum of silica optical fiber. The electric properties, 3, 4 magnetic properties, [5] [6] [7] and gas reactions 8, 9 of various Fe silicides on Si also have been investigated. However, it is difficult to control the crystallinity and morphology of thin epitaxial phases depending strongly on the growth conditions, which seriously affect device properties. A systematic guideline to understand the Fe silicide growth on Si surfaces has not been shown yet. Therefore, systematic characterizations of the structure and morphology for the thin epitaxial Fe silicide phases provide important information for the improvement of the materials quality.
The Fe-Si binary bulk system shows several stable silicide structures as a function of stoichiometry and temperature, [10] [11] [12] such as the cubic ⑀-FeSi ͑B20͒, the tetragonal ␣-FeSi 2 , the orthorhombic ␤-FeSi 2 , and other structures. In the Si͑111͒-Fe system, however, several metastable epitaxial silicides ͓1 ϫ 1, 2 ϫ 2, and c͑8 ϫ 4͒ phases͔, which are unstable in bulk, can be formed under the strain from Si͑111͒ substrates in addition to the bulk phases. The FeSi with a CsCl ͑B2͒ structure has been proposed for the 1 ϫ 1 phase. [13] [14] [15] [16] [17] For the 2 ϫ 2 phase, ␥-FeSi 2 with a CaF 2 ͑C1͒ structure 14, [18] [19] [20] [21] [22] and FeSi 1+x ͑0 Յ x Յ 1͒ with a defect-CsCl structure derived from the CsCl structure with Fe vacancies distributed in a random fashion 15, [21] [22] [23] [24] have been proposed. Recently, a c͑8 ϫ 4͒ surface structure made of the 2 ϫ 2 array has been observed, 25 and a structure derived from the CsCl structure has been discussed. 26 Moreover, the formation of a ͱ 3 ϫ ͱ 3-R30°structure has been reported and explained as the epitaxy of bulk ⑀-FeSi. 18, 20, 22, 27, 28 Also epitaxial growth of the ␣-FeSi 2 ͑Ref. 29͒ and ␤-FeSi 2 ͑Refs. 17, 18, [20] [21] [22] 28 , and 30-35͒ have been reported. The Fe silicide growth on Si͑111͒ surface is quite a complicated system because the formations and morphologies of these phases strongly depend on the various growth conditions. Many authors have shown several epitaxial phases on Si͑111͒ surfaces by various growth techniques: solid phase epitaxy ͑SPE͒-i.e., a substrate is held at room temperature ͑RT͒ during Fe deposition and subsequently annealed 13, 14, reactive deposition epitaxy ͑RDE͒-i.e., a substrate is held at high temperature during Fe deposition 23, 28, 39 -and codeposition of Si and Fe, [15] [16] [17] 40 and other methods. However, almost all previous reports showed results focused on only partial silicide formation; differences and complexities in growth conditions make it difficult to compare the formation of the different silicide phases from the results. To understand the overall view regarding the formations and changes of several Fe silicide phases on Si͑111͒ surfaces and their growth mechanisms, it is necessary to investigate silicide formations using a simple and typical growth method.
In this paper, we show all the above Fe silicide phases with different surface structures and morphologies formed on Si͑111͒7 ϫ 7 surfaces using SPE growth. The SPE is a simple growth method because the reaction is essentially only a function of the Fe coverage and the subsequent annealing temperature. Therefore, each result of silicide formation in the SPE growth can provide a systematic explanation of the complicated silicide growth processes in a Si͑111͒-Fe system. In our study, low-energy electron diffraction ͑LEED͒ and scanning tunneling microscopy ͑STM͒ were used to characterize surface periodic structures and morphologies of silicide phases. Reflection high-energy electron diffraction ͑RHEED͒ was also used for three-dimensional ͑3D͒ structure analysis. From these measurements, we determined the schematic phase diagram in detail with high reliability, which is an important result for future detailed structural analysis. Moreover, we found several characteristic structures additionally: the ␦-7 ϫ 7 structure, facets in the bcc-Fe͑111͒1 ϫ 1 phase, tilts of the ͱ 3 ϫ ͱ 3 phase, a new superstructure of the ␤-FeSi 2 surface, and others. Below we describe detailed morphological and structural information for each phase, and discuss the growth mechanisms of silicide structures on Si͑111͒ surfaces.
II. EXPERIMENT
Experiments were carried out in an ultrahigh vacuum ͑UHV͒ system 8 equipped with LEED and STM. A base pressure of the chamber was less than 1 ϫ 10 −8 Pa. A substrate was cut from an Sb-doped, n-type, mirror-polished Si͑111͒ wafer with a resistivity of 0.02 ⍀ cm. The Si͑111͒ sample was introduced into the chamber and was degassed by direct current heating. After repeated flashings at approximately 1250°C under 2 -3 ϫ 10 −8 Pa, a clean Si͑111͒7 ϫ 7 reconstructed surface was obtained. The Si͑111͒7 ϫ 7 structure was confirmed by LEED and STM. Silicide layers were grown by the SPE method: iron was deposited onto a Si͑111͒7 ϫ 7 surface which was maintained at RT ͑Ͻ50°C͒ and the sample was subsequently annealed. Once Fe silicide layers were formed on the Si͑111͒ surface, the surface order did not recover completely by means of the flashing process. Thus, the sample was replaced by a new one for every cycle of Fe deposition. Iron was evaporated from an alumina crucible with Fe solid source ͑99.999%͒ under 5 -6 ϫ 10 −8 Pa. The deposition rate ͑typically, 0.3-0.9 Å / min͒ and the Fe coverage Fe were monitored by a quartz crystal oscillator. We define a unity monolayer ͑ML͒ as the surface atomic density of an unreconstructed Si͑111͒ plane: 7.83ϫ 10 14 atoms/ cm 2 . Subsequent annealing temperatures T a ranged from 300 to 800°C in steps of 100°C and maintained for 10 min. The temperature was measured by an optical pyrometer. After each annealing, the sample was cooled to RT and characterized by LEED and STM. In STM measurements, we observed current images using electrochemically etched W tips. The tunneling current was 0.3-0.5 nA. We also observed RHEED transmission patterns in another UHV system, 7 to analyze structures and epitaxial relationships of 3D islands. To determine the phase diagram, these characterizations were carried out at 23 different Fe coverages ͑0.2, 0.7, 0.9, 1.0, 1.3, 1.7, 2.0, 2.6, 4.0, 4.6, 5. 3, 6.6, 7.3, 7.9, 12, 16, 24, 28, 32, 37, 40, 48 , and 56 ML͒.
III. RESULTS AND DISCUSSION
A. Schematic phase diagram Figure 1 shows the schematic phase diagram of Fe silicides grown by SPE on a Si͑111͒ surface determined in detail by LEED and STM measurements. In the SPE growth, ␦-7 ϫ 7, 1 ϫ 1, bcc-Fe͑111͒ 1 ϫ 1, 2 ϫ 2, c͑8 ϫ 4͒, 3D-2ϫ 2 ͑␣-FeSi 2 ͒, ͱ 3 ϫ ͱ 3-R30°, ␤-FeSi 2 , and fine polycrystalline phases are formed on the Si͑111͒ surface as a function of Fe coverage and subsequent annealing temperature. We confirmed that the phase diagram did not change much with an extra 10-30 min annealing and that the deposition rate and other factors did not affect the diagram significantly, at least within the conditions described in Sec. II. Therefore, we consider that this schematic phase diagram is highly reliable. In the following subsections, Secs. III B-III G, we reveal the detailed morphology and the change in each phase. In Sec.
III H, we discuss the growth mechanisms based on the schematic phase diagram and the morphological information.
B. ␦-7 Ã 7 and 1 Ã 1 phases
At the initial destruction process of the 7 ϫ 7 structure during Fe deposition at RT, we observed the formation of the ␦-7 ϫ 7 structure. 41 The Si͑111͒7 ϫ 7 LEED pattern gradually blurs and changes to a ␦-7 ϫ 7 pattern ͓Fig. 2͑a͔͒ retaining the part of the weak 7 ϫ 7 spots with higher background intensity. In another system of atomic hydrogen exposed to a Si͑111͒7 ϫ 7 surface, 42 the ␦-7 ϫ 7 LEED pattern has been reported. The STM work has suggested that the adsorbed hydrogen atoms break the Si adatom back bonds, resulting in the removal of the adatoms. 43 Therefore, the appearance of the ␦-7 ϫ 7 structure indicates that 7 ϫ 7 adatoms move from their original positions by deposited Fe atoms with the first and second layer remaining. In the STM image ͓Fig. 2͑b͔͒, the 7 ϫ 7 adatom arrangements are not observed but the surface is covered by clusters with about 7 ϫ 7 half-unit size. In this stage, we found that the silicide clusters are grown by the reactions mostly between 7 ϫ 7 adatoms and deposited Fe atoms.
At Fe ϳ 1.7 ML, the 7 ϫ 7 LEED spots completely disappear but the 1 ϫ 1 fundamental spots remain. This implies that almost all 7 ϫ 7 reconstructed Si atoms-i.e., the firstand second-layer atoms-are reacted. The 1 ϫ 1 LEED pattern is retained up to T a = 300°C, indicating the same lattice constant as the Si͑111͒ plane ͓Fig. 3͑a͔͒. From intensity versus primary energy I͑E p ͒ curves obtained from ͑10͒ and ͑01͒ spots for the 1 ϫ 1 pattern at T a = 300°C ͓Fig. 3͑b͔͒, we confirmed that peak positions and intensity distributions were similar to those of epitaxially stabilized FeSi͑111͒1 ϫ 1 films with a CsCl ͑B2͒ structure. 13, 14, 16, 17 Therefore, we can identify the 1 ϫ 1 phase for T a = 300°C as a B2-FeSi͑111͒1 ϫ 1 structure.
The STM image at T a =RT ͓Fig. 3͑c͔͒ shows a great number of clusters with a few nanometers size on the surface. We assign the small clusters to Fe clusters or iron-silicide clusters with high Fe concentration, since an Fe film starts to grow in the next stage of Fe deposition. We suggest that the small clusters play a role in the nucleation centers for Fe growth; an inhomogeneously shaped pure bcc-Fe͑111͒ film grows as shown in the following subsection, Sec. III C. The surface morphology after 300°C annealing is considerably different from that of the as-deposited sample. The STM image after 300°C annealing ͓Fig. 3͑d͔͒ shows very small protrusions in sizes of less than 1 nm randomly distributed over the rough surface. We assign the very small protrusion to a Si adatom, because silicon has a tendency to segregate in silicide by annealing. 20 Actually, the existence of Si adatoms at this stage 26 and the next-annealing stage ͑2 ϫ 2 phase͒ ͑Refs. 19, 20, and 25͒ has been pointed out in several studies.
C. bcc-Fe"111…1 Ã 1 phase
At Fe տ 7 ML, an Fe͑111͒1 ϫ 1 pattern with surface unit length of 0.406 nm appears instead of the Si͑111͒1 ϫ 1 or FeSi͑111͒1 ϫ 1 with surface unit length of 0.384 nm. The LEED pattern ͓Fig. 4͑a͔͒ shows broad spots and the characteristic trigonal symmetry of the 1 ϫ 1 pattern with the same lattice constant as the bcc-Fe͑111͒ plane. The domain size estimated from the broadening of the 1 ϫ 1 LEED spots is very small ͑ϳ1-2 nm͒. From RHEED transmission patterns obtained from different electron-incident directions, we confirmed the growth of the bcc-Fe͑111͒ structure and azimuth orientation: Fe͑111͒ʈSi͑111͒ with Fe͓112͔ʈSi͓112͔-i.e., B-type stacking. The same azimuth orientation of the bcc-Fe͑111͒ structure grown on Si͑111͒ surface has been proposed by x-ray diffraction ͑XRD͒ and transmission electron diffraction ͑TED͒ work 33 and coaxial impact-collision ion scattering spectroscopy work. 34 The STM image at T a =RT ͓Fig. 4͑b͔͒ reveals a 3D-grown inhomogeneous-shaped bcc-Fe͑111͒ film; the surface is not smooth and is covered with randomly shaped small grains ͑5-20 nm͒.
After 300°C annealing, the STM image ͓Fig. 4͑d͔͒ reveals somewhat large triangle like bumps. The bcc-Fe͑111͒ LEED pattern is retained up to T a = 300°C ͓Fig. 4͑c͔͒, and the domain size ͑ϳ1-2 nm͒ did not increase much by 300°C annealing. The RHEED transmission patterns also showed the similar patterns as that of the as-grown sample, but each spot became streaky which implies the formation of thinner bcc-Fe͑111͒ film-that is, lower height of the bumps-in comparison with the as-deposited sample. The streaks in the RHEED patterns appear as the hexagonal-like symmetric spots in the LEED pattern ͓Fig. 4͑c͔͒. Furthermore, in LEED patterns at T a = RT and 300°C, we observed spots originated from facets, though we hardly identify them in STM images. From the analysis in E p = 20-240 eV, we found several facets: the T a = RT samples showed tilt angles of Ϸ15°and Ϸ17°in three Si ͗112͘ azimuth directions, Ϸ9°and Ϸ14°in Si ͗112͘ and Ϸ18°in Si ͗134͘ and Si ͗314͘. The T a = 300°C samples showed tilt angles of Ϸ12°and Ϸ17°in three Si ͗112͘ azimuth directions, Ϸ12°, Ϸ13°, and Ϸ14°in Si ͗112͘, and Ϸ17°in Si ͗134͘ and Si͗314͘. These results indicate anisotropic growth of the bcc ͑111͒ with some facets.
D. 2 Ã 2 and c"8 Ã 4… phases
At T a Ն 400°C, several silicide surface structures are clearly observed depending on Fe and T a . At Fe Շ 3 ML and T a Ն 400°C, 2 ϫ 2, c͑8 ϫ 4͒, and 3D-2 ϫ 2 phases are grown on the substrate without coexistence with the ͱ 3 ϫ ͱ 3-R30°phase. At lower Fe coverage of Fe Շ 1.5 ML, atomically flat domains with 2 ϫ 2 periodic structure are formed in a disordered substrate. We observed the ring structures 24 in the disordered substrate at T a = 300-400°C. At slightly higher Fe coverage than ϳ1.5 ML, the surface is fully covered with the 2 ϫ 2 or c͑8 ϫ 4͒ films depending on T a . We found that the suitable range of Fe coverage for the single phase formation of the 2 ϫ 2 or c͑8 ϫ 4͒ films is very narrow ͑ Fe ϳ 1.5-3 ML͒ due to the coexistence with the ͱ 3 ϫ ͱ 3-R30°phase at Fe տ 3 ML ͑Fig. 1͒. Figures 5͑a͒ and   5͑b͒ show a sharp 2 ϫ 2 LEED pattern and an STM image, respectively, at Fe = 1.7 ML and T a = 400°C. The STM image shows that the 2 ϫ 2 structure covers the surface and that randomly shaped small islands with 2 ϫ 2 structures form on the 2 ϫ 2 substrate. An atomic-resolved image of the 2 ϫ 2 arrangements on the surface is shown in the inset of Fig.  5͑b͒ . With increasing T a , the 2 ϫ 2 area starts to change to the c͑8 ϫ 4͒ phase and the island shape changes to a hexagonal shape 8 and then to a triangular shape. After annealing at 600°C, the 2 ϫ 2 phase completely transformed to the c͑8 ϫ 4͒ phase as shown in Figs. 5͑c͒ and 5͑d͒. The LEED pattern ͓Fig. 5͑c͔͒ indicates a c͑8 ϫ 4͒ pattern with three equivalent domains rotated by 120°. The STM image ͓Fig. 5͑d͔͒ reveals the c͑8 ϫ 4͒ terraces and the c͑8 ϫ 4͒ triangle-shaped islands with Si ͗110͘ direction edges. On the surface, wellordered c͑8 ϫ 4͒ arrangements are seen as shown in the inset of Fig. 5͑d͒ . The c͑8 ϫ 4͒ surface consists of bright and dark protrusions in the 2 ϫ 2 arrangements. We found that the c͑8 ϫ 4͒ phase did not appear at higher coverage of Fe տ 5 ML: the thicker 2 ϫ 2 films are not able to transform to the c͑8 ϫ 4͒ phase. The enhancement of the c͑8 ϫ 4͒ phase at the higher T a and smaller Fe suggests a diluted Fe density of the c͑8 ϫ 4͒ phase.
For the 2 ϫ 2 phase, two structural models have been proposed. One is ␥-FeSi 2 with CaF 2 structure suggested by RHEED and AES work 18 and by STM works 14, 19, 20 and the other is FeSi 1+x ͑0 Յ x Յ 1͒ with a defect CsCl structure derived from randomly distributed Fe vacancies suggested by XPS, transmission electron diffraction ͑TEM͒, and TED work 15 and by STM works. 23 , 24 Moreover, we should note that some authors have pointed out a transformation from CsCl structure to CaF 2 structure as temperature increases in the 2 ϫ 2 phases for SPE growth. 21, 22 In also our previous reports, the CsCl-based structure ͑CsCl and CaF 2 structure͒ for the SPE-grown ultrathin 2 ϫ 2 films has been confirmed by a stereo atomscope using photoelectron angular distribution patterns 38 and by a 3D-RHEED Patterson function calculation. 44 For the c͑8 ϫ 4͒ has phase, it has been suggested that the structure model with 2 ϫ 2 Si adatoms on the CsCl structure has ordered Fe vacancies.
26

E. 3D-2 Ã 2 "␣-FeSi 2 … phase
At higher annealing temperature at T a = 600 or 700°C and Fe Շ 14 ML, the 2D-2 ϫ 2 or c͑8 ϫ 4͒ phases disappear, and elongated 3D islands with 2 ϫ 2 surfaces are formed, in addition to the reappeared Si͑111͒7 ϫ 7 structure. Figures 6͑a͒ and 6͑b͒ show a 2 ϫ 2 LEED pattern superimposed on the 7 ϫ 7 pattern and an STM image, respectively, at Fe = 1.3 ML and T a = 700°C. Figure 6͑b͒ shows a typical STM image at a region of 3D-grown islands, indicating that segregated and elongated islands of ϳ100 nm in length are grown toward three Si ͗110͘ directions. On the tops of the 3D islands, 2 ϫ 2 ͓not c͑8 ϫ 4͔͒ arrangements are seen with several ͑2 ϫ 2͒-periodic protrusions in width ͓in the inset of Fig. 6͑b͔͒ . The 3D-2 ϫ 2 islands as shown in Fig. 6͑b͒ occupied a part of the surface, and the rest were the Si͑111͒7 ϫ 7 region. The 3D-2 ϫ 2 phase does not coexist with the flat 2 ϫ 2 or c͑8 ϫ 4͒ phases, while it does with 7 ϫ 7, ͱ 3 ϫ ͱ 3- R30°, and ␤-FeSi 2 phases ͑Fig. 1͒. In addition, the 3D-2 ϫ 2 phase is formed at slightly higher T a than the formations of the flat 2 ϫ 2 and c͑8 ϫ 4͒ phases. These results strongly suggest that the atoms consisting of the flat 2 ϫ 2 and c͑8 ϫ 4͒ phases aggregate to the 3D-2 ϫ 2 islands.
The previous STM work suggested the CsCl structure for the SPE-grown 3D-2 ϫ 2 islands. 24 The previous RHEED work presented a reciprocal lattice of the RDEgrown 3D-2 ϫ 2 phase. 39 We observed almost the same RHEED transmission patterns as reported in Ref. 39 . The reciprocal lattice corresponds to the tetragonal ␣-FeSi 2 structure studied with XRD: ␣-FeSi 2 ͑112͒ʈSi͑111͒ with ␣-FeSi 2 ͓110͔ʈSi͓110͔, Si͓011͔, and Si͓101͔. 29 Therefore, we can assign the 3D-2 ϫ 2 phase obtained here to the ␣-FeSi 2 structure. Since the ␣-FeSi 2 ͑112͒ plane has onefold symmetry, this structure is able to explain the elongated character of the 3D-2 ϫ 2 islands from the lattice mismatch with the Si͑111͒ substrate: −1.0% for ␣-FeSi 2 ͓110͔ and −4.0% for ␣-FeSi 2 ͓111͔. We emphasize that the ␣-FeSi 2 phase in bulk is stable only at high temperature ͑937-1220°C͒. 11 Thus, we consider that the interface with Si͑111͒ substrate stabilizes the high-temperature bulk phase ␣-FeSi 2 , which determines the shape of the elongated 3D-2 ϫ 2 islands of the ␣-FeSi 2 structure at RT. The surface of the 3D islands should be reconstructed with 2 ϫ 2 arranged Si adatoms.
At Fe ϳ 3-14 ML and T a = 400-700°C, the ͱ 3 ϫ ͱ 3-R30°phase is grown, which does not appear alone and partially coexists with other silicide phases ͓2 ϫ 2, c͑8 ϫ 4͒, 3D-2 ϫ 2 ͑␣-FeSi 2 ͒, and ␤-FeSi 2 ͔ in some conditions. A LEED pattern and an STM image at Fe = 4.0 ML and T a = 500°C are shown in Figs. 7͑a͒ and 7͑b͒ , respectively. In this condition, the 2 ϫ 2, c͑8 ϫ 4͒, and ͱ 3 ϫ ͱ 3 phases coexist ͑Fig. 1͒, though the c͑8 ϫ 4͒ phase is not dominant as shown in Fig. 7͑a͒ . The STM image ͓Fig. 7͑b͔͒ reveals that the surface is almost covered with the 2 ϫ 2 arrangements and that randomly distributed roundlike-shaped ͱ 3 ϫ ͱ 3 domains ͑some are indicated by arrows͒ in size of a few tens nm are grown. We notice that almost all ͱ 3 ϫ ͱ 3 domains are ditched around. The ditches were also observed on higher-T a samples where the 7 ϫ 7 area surrounds the ͱ 3 ϫ ͱ 3 domains. On these atomically flat domains, the ͱ 3 ϫ ͱ 3 periodic structure is observed with weak corrugations as shown in the inset of Fig. 7͑b͒ . At higher T a such as 600 or 700°C, we found that the ͱ 3 ϫ ͱ 3 domain size somewhat enlarges but the ͱ 3 ϫ ͱ 3 domain does not grow to a 3D island, while 3D-2 ϫ 2 islands are formed. Furthermore, the ͱ 3 ϫ ͱ 3 LEED spot intensity was maximum at Fe ϳ 5 ML, and the intensity decreased and the spots became broader with increasing Fe , indicating restricted ͱ 3 ϫ ͱ 3 domain size.
We found that the ͱ 3 ϫ ͱ 3 related spots split in the LEED pattern into three directions along Si͓112͔, Si͓211͔, and Si͓121͔ and that the split becomes clearer at higher annealing temperature. Figure 7͑c͒ shows a LEED pattern for superimposed 7 ϫ 7, 2 ϫ 2, and ͱ 3 ϫ ͱ 3 phases at Fe = 4.0 ML and T a = 600°C. A schematic illustration of the split ͱ 3 ϫ ͱ 3 pattern is shown in Fig. 7͑d͒ . Since no superstructures with much longer periodicity were observed in STM and no reverse-direction spots of the split ones for E p = 10-150 eV were observed in LEED, it is hard to explain the split from the long-periodicity modulated superstructure or the deformation of the ͱ 3 ϫ ͱ 3 domains. Consequently, we suggest that the split is derived from tilts of the ͱ 3 ϫ ͱ 3 plane toward three Si͗112͘ directions. From analysis of the LEED pattern, we estimated the tilt angle to be approximately 0.8°.
The formation of the ͱ 3 ϫ ͱ 3-R30°structure has been reported by other LEED, 22, 27 RHEED, 18,28 STM, 20 and XRD 28 works. The diffraction works proposed the epitaxy of B20 ⑀-FeSi͑111͓͒110͔ʈSi͑111͓͒112͔. 18, 22, 28 In this case the bulk cubic ⑀-FeSi structure has an isotropic lattice mismatch with the Si͑111͒ substrate of −4.3%. We point out that the strain resulting in the isotropic expansion of the ⑀-FeSi͑111͒ plane can explain the restricted domain size, the roundlike shape, the ditches, and the tilted domain, qualitatively.
G. ␤-FeSi 2 and fine polycrystalline phases
At Fe տ 8 ML and T a Ն 500 or 600°C, a characteristic ␤-FeSi 2 LEED pattern is observed ͓Fig. 8͑a͔͒. In SPE growth, this LEED pattern has been attributed to the epitaxial orthorhombic ␤-FeSi 2 phase. 30 The ␤-FeSi 2 ͑101͒ and ͑110͒ units ͑0.78 nmϫ 1.26 nm͒ match well with the Si͑111͒ lattice ͓dashed lines in Fig. 8͑e͔͒ and have been confirmed by TEM analysis for the SPE-grown ␤-FeSi 2 phase. 31 The LEED pattern in Fig. 8͑a͒ shows superimposed equivalent three domains rotated by 120°of rectangle units ͑an estimated unit size is 0.78± 0.01 nmϫ 0.62± 0.01 nm͒ corresponding to half of the ␤-FeSi 2 ͑101͒ or ͑110͒ plane ͓gray zone in Fig. 8͑e͔͒ , which have been reported previously. 37 We emphasize that the LEED result indicates that the primitive unit is half the size of the ␤-FeSi 2 ͑101͒ or ͑110͒ plane at least in a few layers of the epitaxial ␤-FeSi 2 films. A complex orthorhombic ␤-FeSi 2 bulk structure can be treated as distorted 2 ϫ ͱ 2 ϫ ͱ 2 fluorite ͑␥-FeSi 2 ͒ structure rotated by approximately 45°in ␤-FeSi 2 ͑100͒ plane. 45 The half-size unit indicates that the ␤-FeSi 2 surface layers consist of a differently distorted structure from the ␤-FeSi 2 bulk: the half period of the a axis.
We observed squarelike-shaped 3D ␤-FeSi 2 islands with flat terraces in various sizes and heights as shown in Fig.  8͑b͒ . The edges of the islands tend to be along Si͓110͔ and Si ͓112͔ directions, and in the other scanning area we confirmed squarelike islands rotated by ±120°. The morphology did not depend on Fe , though with increasing T a the islands grow higher and 7 ϫ 7 substrate structure reappears.
In atomic-resolved STM images on the atomically flat terrace ͓Figs. 8͑c͒ and 8͑d͔͒, several complex surface structures are observed. On most of the ␤-FeSi 2 surfaces, it was difficult to find a clear atomically periodic structure, but many characteristic stripes along Si ͗110͘ directions were seen. The stripes have been assigned to an intrinsic stacking fault due to relaxations of the large strain along Si ͗112͘ directions ͑−5.3% or − 5.5% ͒ compared with Si ͗110͘ directions ͑+1.4% or + 2.0% ͒. 32 This domain restriction toward
Si͗112͘ directions reflects the streaks in these direction in the LEED pattern ͓Fig. 8͑a͔͒. We observed that the stripes with the same direction along the island edge ͑Si͓110͔, Si͓011͔, or Si͓101͔͒ are formed across the islands at least in the region of several hundreds nm.
Between the stripes, two surface periodic structures were observed. One is a previously reported 32, 40 parallelogram unit ͓Fig. 8͑c͔͒ ͑1.53± 0.08 nmϫ 1.01± 0.05 nm͒ with approximately 84°, lying at an angle of approximately 40°be-tween the short side of the unit and Si͓101͔ direction. We found another surface structure, rectangle unit ͓Fig. 8͑d͔͒ ͑2.40± 0.12 nmϫ 2.52± 0.12 nm͒. The arrangements of the parallelogram and rectangle units are shown as enclosed units marked by open squares and open circles in Fig. 8͑e͒ , respectively. We found that these two surface structures do not depend on Fe and T a , indicating that these structures are more stable structures in the SPE-grown ␤-FeSi 2 . We emphasize that these two surface units can be represented by superstructures based on the half unit of the ␤-FeSi 2 ͑101͒ or ͑110͒ plane ͓the gray zone in Fig. 8͑e͔͒ At Fe տ 14 ML and T a = 400-500°C, LEED spots disappeared ͑fine polycrystalline phase͒. The disappearance of the diffraction spots has been reported by others. 15, 18, 35, 36 Figure  8͑f͒ shows a typical STM image, indicating a rough morphology ͑ϳ10 nm grains͒ with no periodic structure in the atomic scale. RHEED patterns showed Debye rings, indicating the formation of fine polycrystals. 7 In the similar phase ͑disordered phase͒ in the codeposition system, the presence of heavily twinned ⑀-FeSi has been reported using TEM analysis. 15 
H. Growth mechanisms
The detailed morphologies for each Fe silicide phases were revealed in previous Secs. III B-III G. We discuss the growth mechanisms from the morphologies and the schematic phase diagram ͑Fig. 1͒, which should be determined by the kinetic and thermodynamic processes of the Fe-Si binary system basically. We notice three dominant annealing stages of the Fe silicide growth for all Fe .
In stage I ͑T a Յ 300°C͒, the epitaxially stabilized B2 FeSi and Fe films survive under the annealing; however, their quality and morphologies changed by the annealing. At lower Fe , the annealing leads to the disappearance of the small Fe or iron-silicide clusters and the segregation of Si adatoms on a well-ordered B2 FeSi͑111͒1 ϫ 1 phase grown over wide areas on the substrate. At higher Fe , the annealing leads to the disappearance of small Fe͑111͒ grains and the aggregation of Fe atoms, forming a thinner Fe͑111͒1 ϫ 1 rough surface. Obviously, this stage corresponds to the interdiffusion within the films.
In stage II ͑400°C Յ T a Յ 500-600°C͒, the mixing of atoms between the films and Si substrate occurs additionally and new metastable films form in the nonequilibrium condition. At lower Fe ͑Շ3 ML͒, the Si segregation and the Fe diffusion lead to well-ordered films with the 2 ϫ 2 and c͑8 ϫ 4͒ surface structures, which have the B2 FeSi-based structures ͑CsCl, defect CsCl, and CaF 2 ͒. The film thickness of these phases are several layers since they are stable for Fe ϳ 1.5-3 ML ͑Fig. 1͒. According to density-functional calculations, 46 the B2 FeSi bulk structure ͑calculated lattice constant 0.277 nm͒ is a little bit unstable than B20 ⑀-FeSi bulk structure. We emphasize that the excellent lattice matching of the B2 FeSi-based structures with the Si͑111͒ substrate can form 2 ϫ 2 and c͑8 ϫ 4͒ phases with a restricted height of several layers. At middle Fe ͑3-14 ML͒, the ͱ 3 ϫ ͱ 3 domains appear in the 2 ϫ 2 or c͑8 ϫ 4͒ films. We proposed the expanded ⑀-FeSi͑111͒ structure for the ͱ 3 ϫ ͱ 3 domain in Sec. III F. The thermal stability of the ͱ 3 ϫ ͱ 3 domains even at the next-annealing stage also suggests the formation of ⑀-FeSi, since ⑀-FeSi is stable in a wide range at Յ1410°C ͑Ref. 11͒ and one of the most stable bulk phases.
The disturbance of the ͱ 3 ϫ ͱ 3 domain formation by extra Fe atoms at Fe տ 5 ML suggests that some thick ⑀-FeSi͑111͒ regions cannot be pinned by the substrate and start to grow as 3D islands with random orientations. With increasing Fe other stoichiometry silicides would also grow, reflecting the fluctuation of the initial iron distribution. The fine polycrystalline phase should include such small 3D islands with some stoichiometry between Fe and FeSi 2 , which could form under the nonequilibrium condition.
In stage III ͑T a Ն 500-700°C͒, the massive interdiffusion between the silicide films ͓2 ϫ 2, c͑8 ϫ 4͒, or fine polycrystalline phases͔ and substrate destroys their structures, leading to the stable phases near the equilibrium condition: the ͱ 3 ϫ ͱ 3 domains, the 3D ␣-FeSi 2 islands, the 3D ␤-FeSi 2 islands, and the Si͑111͒7 ϫ 7 substrate. We note that bulk phases with excellent lattice matching axis with the substrate can grow as 3D islands ͑␣-FeSi 2 : − 1.0% and ␤-FeSi 2 : + 1.4% or + 2.0%͒ while the bulk phase with poor lattice matching forms film-shaped small domains ͑⑀-FeSi: −4.3% ͒. The ␣-FeSi 2 forms at lower Fe , and the ␤-FeSi 2 is formed at higher Fe . Obviously, this result indicates a larger formation energy gain of the ␣-FeSi 2 ͑high-temperature phase in bulk͒ islands pinned by the Si͑111͒ substrate directly. The change from ␣-FeSi 2 to ␤-FeSi 2 with increasing Fe would be caused by the instability of the bulklike ␣-FeSi 2 islands, of which the bulk phase is unstable at RT, with larger volume at higher Fe .
IV. SUMMARY
We determined the reliable and complete schematic phase diagram of Fe silicides grown by SPE on a Si͑111͒ surface by LEED and STM measurements depending on Fe coverage and subsequent annealing temperature. This detailed map is useful for future detailed structure analysis and others. For all phases, we revealed the morphologies and their changes.
In particular, we newly found that the formation of the ␦-7 ϫ 7 structure, the several facets for 3D-grown inhomogeneous-shaped bcc-Fe͑111͒ films, the tilts of the roundlike small ͱ 3 ϫ ͱ 3-R30°domains, and the rectangle surface units on the squarelike ␤-FeSi 2 wide islands. From such a detailed morphological information and the schematic phase diagram, we discussed the growth mechanisms. The overall view of the formations of SPE-grown Fe silicide phases, including a detailed morphology of each phase, provides us with some hints to understand the growth mechanism of ultrathin Fe silicide phases on Si substrates.
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